INTRODUCTION
Junctional complexes such as tight junctions, adherens junctions, and desmosomes play a fundamental role in maintaining the polarized phenotype and vectorial transport functions of epithelial cells. The tight junction (zonula occludens) forms a continuous belt at the boundary between the apical and lateral plasma membrane domains of neighboring epithelial cells (Farquhar and Palade, 1963) . Structurally characterized by the fusion of the exoplasmic leaflets of contiguous plasma membranes, tight junctions selectively regulate the passage of molecules across the paracellular pathway (gate function) and passively separate molecules into the apical and basolateral plasma membrane domains (fence function). A functional tight junction is crucial to maintain the polarized phenotype of epithelial cells (Rodriguez-Boulan and Nelson, 1989; Mitic and Anderson, 1998; Stevenson and Keon, 1998) . The adherens junction (zonula adherens) is localized below the tight junction and consists of cell adhesion and signaling molecules and may regulate events that mediate adhesion between epithelial cells (Yap et al., 1997) . Desmosomes are focal points of intercellular contact at which neighboring cells are tightly bound to one another and provide resilience and tensile strength to the epithelial monolayer (Garrod et al., 1996) . The mechanisms that regu-late the formation and maintenance of these junctions in epithelial cells are not well understood.
The Na,K-ATPase is an oligomeric transmembrane protein consisting of two noncovalently linked ␣-and ␤-subunits. It catalyzes an ATP-dependent transport of three sodium ions out and two potassium ions into the cell per pump cycle, thereby generating a transmembrane sodium gradient across the plasma membrane. The sodium gradient generated by the enzyme provides the primary energy for uptake and extrusion of a variety of solutes by epithelial cells and is crucial for efficient functioning of other Na ϩ -coupled transport systems (Katz, 1988; Lingrel et al., 1994) . The Na,K-ATPase is localized to the basolateral plasma membrane in most epithelial cells and has been widely used as a marker for epithelial polarity (McNeil et al., 1990) . However, a role for the Na,K-ATPase itself in the induction of epithelial polarity has not been shown.
Previous studies have implicated E-cadherin function in the formation and maintenance of junctional complexes and the polarized phenotype of epithelial cells (Imhof et al., 1983; Gumbiner et al., 1988; Watabe et al., 1994) . E-Cadherin is a basolateral transmembrane protein that mediates cell-cell contact between epithelial cells by homophilic interaction (Nose et al., 1988) . However, expression of a dominant negative mutant of E-cadherin in Madin-Darby canine kidney (MDCK) cells did not affect tight junctions or desmosomes (Troxell et al., 2000) , indicating that other factors are involved in the maintenance of these junctions in MDCK cells. Recently, we have shown that in Moloney-sarcoma virus transformed MDCK (MSV-MDCK) cells expression of Ecadherin alone was not sufficient to induce tight junctions and desmosomes. Coexpression of Na,K-ATPase ␤-subunit and E-cadherin was required to induce these junctions and a polarized phenotype in MSV-MDCK cells (Rajasekaran et al., 2001) . We also found that MSV-MDCK cells contain about threefold higher intracellular sodium levels ([Na ϩ ] i ) compared with wild-type MDCK cells. Forced expression of both the Na,K-ATPase ␤-subunit and E-cadherin but not E-cadherin alone significantly reduced the [Na ϩ ] i (Rajasekaran et al., 2001) . These studies suggested that [Na ϩ ] i regulated by the Na,K-ATPase may play a role in the formation of epithelial tight junctions and desmosomes and the induction of a polarized phenotype of epithelial cells.
RhoA GTPase, a Ras-related small GTP-binding protein, is involved in the formation of stress fibers in Swiss 3T3 cells (Ridley and Hall, 1992; Van Aelst and D'Souza-Schorey, 1997; Mackay and Hall, 1998) . Recent studies have indicated a role for RhoA GTPase in the assembly and function of tight junctions in epithelial cells (Nusrat et al., 1995; Takaishi et al., 1997; . However, mechanisms that regulate RhoA function in polarized epithelial cells are not known. In this study, we demonstrate that inhibition of Na,K-ATPase during epithelial polarization prevents the formation of tight junctions and desmosomes and suppresses the endogenous RhoA activity in MDCK cells. Na,K-ATPase inhibition in cells overexpressing wild-type RhoA GTPase does not affect the formation of tight junctions and desmosomes, indicating that RhoA GTPase is a downstream effector of Na,K-ATPase and is crucial for the formation of tight junctions and desmosomes in MDCK cells. Gramicidin, a sodium ionophore that specifically increases the intracellular sodium levels, mimicked the effects of Na,K-ATPase inhibition, suggesting that increased intracellular sodium levels may play a role in the inhibition of the formation of tight junctions, desmosomes, and polarized epithelia. Our results for the first time provide evidence that the Na,K-ATPase plays an important role in regulating both the structure and function of polarized epithelial cells.
MATERIALS AND METHODS

Ca
2؉ -Switch Assay
Confluent MDCK monolayers (clone II, passage 4; kindly provided by Dr. Enrique Rodriguez-Boulan, Weill Medical College of Cornell, New York, NY) were subjected to calcium switch assay as described previously (Rajasekaran et al., 1996) . Briefly, the cells were trypsinized until single cell suspensions were obtained and plated onto Costar Transwells with 0.4-m pore size (Corning, Corning, NY) (3 ϫ 10 6 cells/24 mm) or glass coverslips in a 12-well tissue culture plate (4 ϫ 10 5 cells/well). The cells were allowed to attach in normal Ca 2ϩ -containing DMEM (1.8 mM Ca 2ϩ ). Thereafter, the cells were rinsed gently in SMEM (minimum essential medium for suspension culture) (Invitrogen, Carlsbad, CA) containing Ͻ5 M Ca 2ϩ (low Ca 2ϩ medium) and 5% dialyzed fetal bovine serum (FBS) and incubated for ϳ16 h at 37°C. Before transfer of the cells to medium containing normal Ca 2ϩ levels (1.8 mM), the MDCK monolayers were pretreated with either ouabain (50 M; Sigma Chemical, St. Louis, MO), gramicidin (1 M; Molecular Probes, Eugene, OR), or valinomycin (50 M; Molecular Probes) for 1 h in low Ca 2ϩ medium at 37°C. Dimethyl sulfoxide (DMSO), used as a solvent for these drugs, was added to control cells. For the switch, the low Ca 2ϩ medium was replaced by normal culture medium containing the corresponding drugs and the cells were incubated at 37°C for indicated times. Sodium-free conditions were obtained as described in Fernandez and Malnic (1998) . For this purpose single cell suspensions of MDCK cells were plated onto Transwells, allowed to attach, and incubated in low Ca 2ϩ medium as described above. The switch was performed with the use of N-methyl-d-glucamine (NMDG) buffer in which NaCl was substituted with NMDG (Sigma Chemical) (5 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 30 mM HEPES, 147 mM N-methyl-d-glucamine, 10 mM glucose, pH 7.4). Before the experiment the cells were rinsed twice with Ca 2ϩ -free NMDG buffer (NMDG buffer lacking CaCl 2 and FBS) and then incubated in Ca 2ϩ -free NMDG buffer containing 5% dialyzed FBS and either DMSO or ouabain as described above. For the switch the Ca 2ϩ -free NMDG buffer was replaced with NMDG buffer containing DMSO or ouabain, respectively, and the cells were incubated at 37°C for up to 4 h. Potassium-free conditions were obtained as described in Le et al. (1999) . For this purpose, the Ca 2ϩ -switch was performed with the use of a K ϩ -free buffer (140 mM NaCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, 10 mM glucose, pH 7.4), which contained 5% FBS dialyzed against the K ϩ -free buffer. Before the experiment the cells were rinsed twice with Ca 2ϩ -and K ϩ -free buffer (K ϩ -free buffer lacking CaCl 2 ) and preincubated in Ca 2ϩ /K ϩ -free buffer/5% FBS for 1 h. For the K ϩ repletion the cells were incubated in normal medium at 37°C for 3-5 h. The Ca 2ϩ -switch assays for MDCKRhoA wt cells were performed as described previously (Leung et al., 1999) .
cence analysis was performed with the use of an Olympus AX 70 microscope. Confocal microscopy to monitor polarized distribution of domain-specific markers was performed with the use of a Fluoview laser scanning confocal microscope (Olympus America, Melville, NY). To detect FITC-labeled antigens, samples were excited at 488 nm with an Argon laser and the light emitted between 525 and 540 nm was recorded. Images were generated and analyzed with the use of the Fluoview image analysis software (version 2.1.39; Olympus America, Melville, NY).
Immunoblot Analysis
For immunoblot analysis, monolayers were lysed in a lysis buffer (95 mM NaCl, 25 mM Tris pH 7.4, 0.5 mM EDTA, 2% SDS, 1 mM phenylmethylsulfonyl fluoride, and 5 g/ml each of antipain, leupeptin, and pepstatin). The lysates were briefly sonicated and centrifuged at 14,000 rpm in a Microfuge for 10 min. The supernatants were used for further analysis. Protein concentrations of the cell lysates were determined with the use of the Bio-Rad DC reagent (Bio-Rad Laboratories, Hercules, CA) according to manufacturer's instructions. Equal amounts of protein (100 g) were separated by SDS-PAGE and transferred to nitrocellulose membrane (Schleicher & Schuell, Keene, NH). The blots were blocked with 10% nonfat dry milk in phosphate-buffered saline (PBS) and then incubated for 2 h at room temperature with primary antibody diluted in 10% milk/ PBS. After incubation the blots were washed three times with PBS/ 0.3% Tween 20 and then incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibody (1:4000 in 10% milk). Bound antibody was detected by peroxidase-catalyzed enhanced chemiluminescence (PerkinElmer Life Sciences, Boston, MA). Densitometric analysis and quantification of the intensity of the individual bands was carried out with an ImageQuant software package (Molecular Dynamics, Sunnyvale, CA).
Transepithelial Electrical Resistance (TER) Measurements
To measure the transepithelial electrical resistance, the cells on Transwell filters were subjected to the Ca 2ϩ -switch assay as described above, and at the indicated time points the resistance of the monolayers was determined with the use of an EVOM epithelial voltohmeter (World Precision Instruments, Sarasota, FL). The values were normalized for the area of the filter after subtracting the background resistance of a filter without cells.
Electron Microscopy
Confluent monolayers grown on Transwells (see above) were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 2-4 h at room temperature and processed for transmission electron microscopy as described previously (Rajasekaran et al., 1996) . Ultrathin sections were contrasted with uranyl acetate and lead citrate and examined with a Joel (1200EX) electron microscope. The presence of tight junctions and desmosomes was quantified in ϳ50 randomly selected cell-cell contact sites in each experiment. In MDCK cells adherens junctions were not easily discernible when tight junctions were present and therefore they were not quantified. However, when tight junctions were absent, like in ouabain-treated cells, adherens junctions were clearly observed and quantified. Representative results are shown.
Endogenous RhoA/Rac1 Activity Assay
The glutathione agarose-immobilized GST-PAK1, which contains the Rac1 interactive domain of human PAK1 (residues 51-135), and GST-Rhotekin, which contains the Rho binding domain of Rhotekin (residues 1-89), were expressed and purified in Escherichia coli by with the use of the pGEX-2T vector as described previously (Ren et al., 1999; Zhu et al., 2000) . The cells were washed with ice-cold PBS buffer once before lysis in a buffer containing 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 1% Triton X-100, 1 mM dithiothreitol, 10 g/ml each of leupeptin and aprotinin, and 1 mM phenylmethylsulfonyl fluoride at 4°C. Cell lysates were clarified by centrifugation at 13,000 ϫ g at 4°C for 10 min. To load the endogenous small G proteins with GDP or guanosine-5Ј-O-(3-thio)triphosphate (GTP␥S), aliquots of lysates were incubated for 10 min at ambient temperature in the presence of 10 mM EDTA and 0.5 mM GDP or GTP␥S. The loading reactions were stopped by the addition of 20 mM MgCl 2 and switching the temperature to 4°C. Equal volumes of lysates were incubated with GST-PAK1 or GST-Rhotekin (10 g/lysate sample) immediately for 40 min at 4°C under constant agitation. The lysate-incubated beads were washed three times with the lysis buffer, and the bound RhoA and Rac1 were detected by anti-RhoA and anti-Rac1 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA; Upstate Biotechnology, Lake Placid, NY) and visualized by enhanced chemiluminescence (PerkinElmer Life Sciences). Quantification of the immunoblots was performed with the use of AlphaImager system (Alpha Innotech, San Leandro, CA). For comparison of the level of the active RhoA and Rac1, the amount of GST-Rhotekin or PAK-bound small GTP-binding protein was normalized to the total amount of RhoA and Rac1 in cell lysates in each sample. 
Atomic Emission Spectrometry
RESULTS
Na,K-ATPase Inhibition by Ouabain Prevents Formation of Functional Tight Junctions, Desmosomes, and Establishment of Epithelial Polarity
To understand the role of Na,K-ATPase in the formation of tight junctions and desmosomes we used a Ca 2ϩ -switch assay which is commonly used to monitor the development of junctional complexes in MDCK cells (Gonzalez-Mariscal et al., 1985) . In the Ca 2ϩ -switch assay, MDCK monolayers formed in the presence of low calcium (Ͻ5 M) medium, are transferred to medium containing normal calcium levels (1.8 mM), which increases cell-cell contact and initiates assembly of junctional complexes. To test whether Na,K-ATPase enzymatic activity is necessary for development of junctions, we pretreated MDCK monolayers maintained in low calcium medium with ouabain to specifically inhibit Na,KATPase for 1 h before transfer to normal calcium-containing medium. At selected times, cells were fixed and the presence of tight junctions was monitored by immunofluorescence localization of tight junction proteins, transmission electron microscopy (TEM), and by measuring the TER. Desmosomes were visualized by immunofluorescence of desmosomal proteins and TEM.
Before the Ca 2ϩ -switch (0 h), the tight junction protein ZO-1 showed cytoplasmic staining in both control and ouabain-treated cells ( Figure 1 , A and C). At 1 and 2 h after the Ca 2ϩ -switch, ZO-1 was localized to the plasma membrane with a discontinuous staining pattern. A visible difference in the ZO-1 staining pattern between control and ouabain-treated cells was not detected at these time points (our unpublished results). At 3 h, the ZO-1 staining in control cells showed a continuous staining pattern ( Figure 1B ), indicating that the tight junctions were established. In contrast, in ouabain-treated cells, the ZO-1 staining remained discontinuous with a beaded appearance and with regions clearly lacking ZO-1 ( Figure 1D , arrows). Prolonged incubation did not change the discontinuous staining pattern of ZO-1. Instead, ZO-1 became even more intracellular. Other tight junction proteins such as occludin showed a similar staining pattern (our unpublished results). Ouabain treatment did not affect the protein levels of ZO-1 as revealed by immunoblot analysis (our unpublished results). These results showed that in the presence of ouabain tight junction proteins translocate to the plasma membrane but fail to form a complete ring-like pattern like in control cells.
A functional tight junction is required to maintain the polarized distribution of distinct apical and basolateral markers. In MDCK cells the TER measurement during the Ca 2ϩ -switch assay has been used to monitor formation of functional tight junctions (Gonzalez-Mariscal et al., 1985; . Cells grown on Transwell filters were subjected to a Ca 2ϩ -switch assay and the development of TER was measured. The TER in control cells gradually increased after the Ca 2ϩ -switch and within 3 h reached ϳ200 ⍀ . cm 2 , a value reported for MDCK clone II (Gonzalez-Mariscal et al., 1985; (Figure 1E ). In contrast, the TER in ouabaintreated cells reached only ϳ50 ⍀ . cm 2 , and this value did not increase over 4 h of ouabain treatment. Moreover, confocal microscope vertical (X-Z) sections revealed a polarized distribution of ␤-catenin (a basolateral marker) (Rajasekaran et al., 1996) ( Figure 1L ) and GP135 (an apical marker) (Ojakian and Schwimmer, 1988 ) ( Figure 1N ) in control cells, whereas in ouabain-treated cells these markers were distributed in a nonpolarized manner (Figure 1, M and O) . These results indicate that ouabain-mediated inhibition of Na,K-ATPase activity prevents formation of functional tight junctions and the establishment of polarization in MDCK cells.
To monitor the assembly of desmosomes we used antibodies against desmoplakin, a peripheral membrane protein and desmocollin, a transmembrane protein localized to desmosomes (Garrod et al., 1996) . Both markers showed identical patterns. The results obtained from the anti-desmocollin antibody staining are shown (Figure 1, F-I ). In both control and ouabain-treated cells, at 0 h of the Ca 2ϩ -switch, desmocollin was distinctly localized intracellular with barely detectable levels on the plasma membrane (Figure 1, F and H). Desmocollin and desmoplakin were predominantly cytoplasmic at 1 and 2 h after the Ca 2ϩ -switch (our unpublished results). After 3 h of Ca 2ϩ -switch the desmocollin staining in control cells revealed a distinct dot-like pattern circumscribing the cells, typical of the desmosome staining pattern in MDCK cells ( Figure 1G ). In contrast, in ouabain-treated cells, after 3 h of Ca 2ϩ -switch, desmocollin was predominantly intracellular with barely detectable staining at the cell-cell contacts ( Figure 1I ). This pattern was maintained after prolonged incubation with ouabain. Immunoblot analysis of desmoglein (a membrane component of the desmosome) and desmoplakin did not show significant changes in the levels of these proteins in ouabain-treated cells (our unpublished results). These results demonstrate that inhibition of Na,K-ATPase activity largely affects translocation of desmosomal proteins to the plasma membrane, whereas it does not affect translocation of tight junction proteins to the plasma membrane.
To further confirm the effect of ouabain on the assembly of tight junctions and desmosomes we performed TEM of control and ouabain-treated cells after 3 h of Ca 2ϩ -switch. TEM revealed the presence of typical tight junctions, adherens junctions, and desmosomes in cell-cell contact sites in control cells ( Figure 1J ). In contrast, in ouabain-treated cells tight junctions and desmosomes were rarely detected, although adherens junction-like structures were clearly seen ( Figure 1K ). Quantitative analysis of the TEM data was performed by scoring the number of tight junctions and desmosomes in ϳ50 cell-cell contact sites. Control cells revealed tight junctions and desmosomes in 96 and 100% of cell-cell contacts, respectively. In contrast, ouabain-treated cells showed putative tight junctions in only 14% and desmosome-like structures in 15% of the cell-cell contacts. Ouabain-treated cells showed typical adherens junctions in 54% of the cell-cell contacts. Taken together, these results demonstrate that inhibition of Na,K-ATPase by ouabain prevents formation of functional tight junctions and desmosomes and the polarized phenotype in MDCK cells.
Effect of Na,K-ATPase Inhibition on Formation of Tight Junctions, Desmosomes, and Establishment of Polarity Is Reversible
As an independent means to test the role of Na,K-ATPase in the formation of tight junctions and desmosomes we used K ϩ depletion to inhibit Na,K-ATPase (Pollack et al., 1981; Pressley 1988; Buffin-Meyer et al., 1996) . In this assay, the pump function can be restored by the addition of K ϩ and thus the reversibility of the effect of Na,K-ATPase inhibition can be tested. MDCK cells maintained in low calcium medium were preincubated in K ϩ -and Ca 2ϩ -free buffer for 1 h to inactivate the Na,K-ATPase and the Ca 2ϩ -switch assay was performed in K ϩ -free medium. Immunofluorescence staining of ZO-1 after 3 h of switch to K ϩ -free medium containing Ca 2ϩ showed ZO-1 localized to the plasma membrane although without forming a continuous ring-like structure ( Figure 2A ). This pattern was similar to that of ouabain-treated cells ( Figure 1D ). Subsequent incubation of these cells for 5 h in K ϩ -containing medium resulted in a complete ZO-1 ring circumscribing the cells ( Figure 2B ). The TER of MDCK cells in K ϩ -free buffer did not increase up to 3 h after the Ca 2ϩ -switch ( Figure 2E ). However, upon transfer of the cells from K ϩ -free to K ϩ -containing culture medium, the TER increased dramatically and reached a value of ϳ400 ⍀ . cm 2 ( Figure 2E ) within 2 h, indicating formation of functional tight junctions. Confocal microscope vertical (X-Z) sections of cells maintained in K ϩ -free medium revealed a nonpolarized distribution of ␤-catenin ( Figure 2H ) and GP135 ( Figure 2J ). Subsequent transfer of these cells to K ϩ -containing culture medium resulted in the polarized distribution of these markers (Figure 2, I and K). The assembly of desmosomes in K ϩ -free buffer was similar to ouabaintreated cells. In K ϩ -free buffer the translocation of desmocollin to the plasma membrane was inhibited and the staining was predominantly intracellular ( Figure 2C ). Subsequent incubation of these cells in K ϩ -containing culture medium for 5 h resulted in a dot-like desmocollin staining at the sites of cell-cell contact ( Figure 2D ), indicating formation of desmosomes. Electron microscopy studies confirmed the absence of tight junctions and desmosomes in MDCK cells maintained in K ϩ -free buffer ( Figure 2F ), whereas a subsequent transfer to K ϩ -containing culture medium resulted in the formation of tight junctions and desmosomes ( Figure  2G ). Quantitative TEM analysis of cells maintained in K ϩ -free buffer showed the presence of tight junctions and desmosomes in only 2 and 3% of cell-cell contacts, respectively. After K ϩ restoration tight junctions were detected in 90% and desmosomes in 85% of cell-cell contacts. These results further demonstrate that Na,K-ATPase enzymatic activity is necessary for formation of tight junctions and desmosomes in MDCK cells.
Inhibition of Na,K-ATPase in Na
؉ -free Medium Does not Affect Formation of Tight Junctions, Desmosomes, and Epithelial Polarity Inhibition of Na,K-ATPase results in an increased intracellular sodium concentration (Pollack et al., 1981; Rayson 1989; Yamamoto et al., 1993; Rajasekaran et al., 2001) and sodium measurements with the use of atomic emission spectrometry revealed that the intracellular sodium levels [Na ϩ ] i of MDCK cells (ϳ12 mM) (Rajasekaran et al., 2001 ) increased Ͼ10-fold upon ouabain treatment or sevenfold by K ϩ depletion. The intracellular K ϩ level of MDCK cells was 148 mM. Inhibition of sodium pump by ouabain or K ϩ depletion decreased the intracellular potassium concentration to 12 and 50% of the control, respectively. To test whether increased [Na ϩ ] i is involved in the inhibition of tight junction and desmosome formation we first treated MDCK cells with ouabain in Na ϩ -free medium to prevent the increase of [Na ϩ ] i after ouabain treatment. Cells maintained in low calcium medium were subjected to a Ca 2ϩ -switch in a Na ϩ -free medium with or without ouabain as described in MA-TERIALS AND METHODS. After 3 h of Ca 2ϩ -switch, the cells were fixed and stained for tight junction and desmosomal proteins. As shown in Figure 3 , both control ( Figure  3A ) and ouabain-treated cells ( Figure 3B ) clearly showed a complete ZO-1 ring on the plasma membrane, indicating that tight junctions are formed in these cells. Immunofluorescence of desmocollin (Figure 3 , C and D) and desmoplakin (our unpublished data) revealed a distinct dot-like staining pattern circumventing the cells in both control (Figure 3C ) and ouabain-treated cells ( Figure 3D ). Control and ouabain-treated cells showed high TER values within 4 h of Ca 2ϩ -switch in Na ϩ -free medium ( Figure 3E ). Under Na ϩ -free conditions the control cells had a higher TER resistance compared with cells maintained in normal medium (compare Figures 1E and 3E) , possibly due to decreased tight junction permeability. Confocal microscope vertical (X-Z) sections confirmed the polarized distribution of ␤-catenin and GP135 in both control and ouabain-treated cells ( Figure  3 , H-K). In contrast to the effect of ouabain on junction formation in Na ϩ -containing medium ouabain treatment in Na ϩ -free medium did not decrease the number of tight junctions or desmosomes in both control ( Figure 3F ) and ouabain-treated cells ( Figure 3G ). Cell-cell contacts of cells in Na ϩ -free medium showed tight junctions and desmosomes similar to control cells in Na ϩ -containing medium. Because in Na ϩ -free medium ouabain treatment did not affect the formation of tight junctions, desmosomes and establishment of polarity these results are consistent with the idea that increased [Na ϩ ] i after inhibition of Na,K-ATPase may be involved in the inhibition of the formation of tight junctions and desmosomes in MDCK cells. Furthermore, these results also establish that the observed effect of ouabain is not due to a toxic side effect.
Sodium Ionophore Gramicidin Treatment Affects Formation of Tight Junctions, Desmosomes, and Establishment of Polarity
To further test whether increased [Na ϩ ] i affects formation of tight junctions and desmosomes we treated MDCK cells with the sodium ionophore gramicidin and a potassium ionophore, valinomycin. Sodium ionophores have been used widely to test the involvement of intracellular sodium on cell functions (Harber et al., 1987; Yamamoto et al., 1993; Liu et al., 2000) . Gramicidin A is an ion channel-forming antibiotic that greatly facilitates Na ϩ entry into cells (Rothstein and Mack, 1990) , and specifically increases the intracellular Na ϩ concentration. Valinomycin is a cyclic dodecadepeptide that transports K ϩ through the plasma membrane, inducing a potassium leak (Vaaraniemi et al., 1997) . Intracellular sodium measurements revealed a Ͼ12-fold increase in [Na ϩ ] i in gramicidin-treated cells, whereas valinomycin-treated cells did not reveal a significant change in the intracellular sodium levels compared with untreated MDCK cells. Treatment of MDCK cells with gramicidin during the Ca 2ϩ -switch showed an effect similar to that of ouabain. Three hours after the Ca 2ϩ -switch, ZO-1 was clearly localized on the plasma membrane, although without a continuous ring pattern ( Figure 4A ). The immunofluorescence staining of occludin showed identical results (our unpublished results). In the presence of gramicidin, 3 h after the Ca 2ϩ -switch, immunofluorescence of desmocollin (Figure 4B ) and desmoplakin (our unpublished results) showed a predominantly cytoplasmic staining pattern similar to ouabain-treated cells (compare Figures 4B and 1I ). In contrast to gramicidin-treated cells, valinomycin-treated cells resembled control cells. Three hours after the Ca 2ϩ -switch ZO-1 formed a continuous ring at the plasma membrane ( Figure 4C ). Occludin showed a similar staining pattern (our unpublished results). Both desmocollin ( Figure 4D ) and desmoplakin (our unpublished results) showed a punctate staining pattern at cell-cell contact sites. Consistent with the localization of tight junction proteins, valinomycin-treated cells had TER values of ϳ250⍀
. cm 2 within 4 hours. In contrast, gramicidin-treated cells did not develop TER with time ( Figure 4E ). Confocal microscope vertical (X-Z) sections of gramicidin-treated cells revealed nonpolarized distribution of ␤-catenin ( Figure 4F ) and GP135 ( Figure 4H ), whereas in valinomycin-treated cells these markers were distributed in a polarized manner (Figure 4 , G and I). Furthermore, TEM revealed tight junctions and desmosomes in valinomycintreated cells but showed a significant decrease in junctions in gramicidin-treated cells (our unpublished results). Tight junctions and desmosomes were present in 100% of the cell-cell contacts in valinomycin-treated cells, whereas gramicidin-treated cells showed putative tight junctions in only 23% and desmosome-like structures in 14% of the cell-cell contacts. Taken together, these results demonstrate that the intracellular Na ϩ homeostasis regulated by Na,K-ATPase is involved in the assembly of functional tight junctions, desmosomes, and the induction of polarity in MDCK cells.
Inhibition of Na,K-ATPase Prevents Formation of Bundled Stress Fibers
1998) and desmosomes (Vasioukhin et al., 2000) . Therefore, we tested whether Na,K-ATPase plays a role in the organization of the actin cytoskeleton during the formation of tight junctions and desmosomes in MDCK cells. Organization of the actin cytoskeleton was monitored by FITC-phalloidin labeling and epifluorescence microscopy. In control cells, at 0 h stress fibers were not detected at the bottom of the cells ( Figure 5A ). After 1 h of Ca 2ϩ -switch stress fibers began to appear at the bottom of the cells (our unpublished results) and after 3 h bundles of stress fibers were apparent ( Figure   5B ). These bundles of stress fibers gradually disappeared and were not detected after 48 h of Ca 2ϩ -switch (our unpublished results). In contrast, in ouabain-treated cells the bundled stress fibers did not form ( Figure 5, C and D) . However, these cells showed a distinct cortical actin cytoskeleton more close to the bottom of the cells ( Figure 5D ). Like in ouabaintreated cells, K ϩ depletion also inhibited the formation of bundles of stress fibers and induced a distinct cortical actin closer to the base of the cells ( Figure 5E ). Adding K ϩ to the cells maintained in low K ϩ resulted in bundles of stress fibers as seen in control cells (compare Figure 5 , B and F). Formation of bundled stress fibers was markedly inhibited by gramicidin but not by valinomycin (our unpublished results). These results indicate that the transient formation of bundled stress fibers correlates with the assembly of tight junctions and desmosomes and that inhibition of Na,K-ATPase prevents the formation of bundled stress fibers.
Endogenous RhoA Activity Is Highly Reduced in Na,K-ATPase Inhibited or Gramicidin-treated Cells
The RhoA GTPase has been implicated in regulation of actin stress fiber formation in fibroblasts and in epithelial cells (Ridley and Hall, 1992; Mackay and Hall 1998; . Moreover, both RhoA and Rac1, a closely related family member, are essential for the assembly and function of tight junctions in MDCK cells ). Therefore, we tested the possible involvement of these GTPases in the Na,K-ATPase-mediated formation of junctional complexes. For this purpose, we determined the endogenous levels of active RhoA in control cells and ouabain-treated cells with the use of an in vitro biochemical assay (Ren et al., 1999; Zhu et al., 2000) . In this assay, GSTRhotekin, a GST-fusion protein containing the Rho binding domain (which binds active RhoA bound to GTP) is incubated with cell lysate and the bound, active RhoA is detected by immunoblot analysis. The specificity of this assay is demonstrated by loading the cell lysate with a nonhydrolyzable analog of GTP, GTP␥S (total RhoA), and by replacing GTP␥S with GDP that inactivates Rho and therefore does not bind to GST-Rhotekin ( Figure 5G , compare lanes 9 and 10). Consistent with the formation of stress fibers, control cells showed high levels of active RhoA ( Figure 5G , lanes 5-8, and GЈ) compared with ouabain-treated cells in which the level of active RhoA gradually decreased and became undetectable after 2 h of treatment ( Figure 5G , lanes 1-4, and GЈ). The protein levels of RhoA remained unchanged in both control and ouabain-treated cells ( Figure 5G , labeled as total, lanes 1-10). Like in ouabain-treated cells, depletion of K ϩ resulted in the inhibition of RhoA activity ( Figure 5H , lanes 1-3, and HЈ) and addition of K ϩ resulted in the reactivation of RhoA activity ( Figure 5H , lanes 4 and 5, and HЈ). These results indicate that the Na,K-ATPase activity has a direct impact on the activation state of RhoA. Gramicidintreated cells showed reduced RhoA activity compared with valinomycin-treated cells ( Figure 5I , compare lanes 2-4 and 5-7, and IЈ), indicating that increased intracellular sodium may either directly or indirectly inhibit the activity of RhoA. We also measured the endogenous Rac1 activity in response to modulation of Na,K-ATPase activity and found that neither the expression level nor the activation state of Rac1 was affected by ouabain or K ϩ depletion (our unpublished results). Thus, Na,K-ATPase appears to be a specific upstream regulator of RhoA GTPase.
Overexpression of Wild-Type RhoA GTPase Abolishes Effects of Na,K-ATPase Inhibition on Junction Formation and Epithelial Polarity
Both the dominant negative and active forms of RhoA GTPase have profound effects on tight junctions in MDCK cells . Therefore, to further validate the specific role of RhoA in formation of tight junctions and desmosomes we used MDCK cells expressing wild-type RhoA GTPase (MDCK-RhoA wt ) under control of the tetracycline repressible transactivator. In MDCK-RhoA wt cells, the levels of RhoA increased severalfold after withdrawal of the transcription repressor doxycycline (DC) ( Figure 6A ) (Leung et al., 1999) . In induced cells (ϪDC) the level of active RhoA was 2.7-fold more than that of control cells maintained in the presence of doxycycline (ϩDC). Three hours after ouabain treatment, induced cells showed 2.1-fold more active RhoA GTPase than uninduced cells ( Figure 6B) . Consistent with the presence of active RhoA in induced cells, bundled stress fibers were distinctly seen after 3 h of ouabain treatment, whereas these fibers were scarcely present in uninduced cells (Figure 6, C and D) . On ouabain treatment RhoAinduced cells revealed an uninterrupted ZO-1 staining pattern, whereas uninduced cells showed a disrupted staining pattern ( Figure 6, E and F) . The TER of ouabain-treated induced cells was significantly higher than that of uninduced cells (p Ͻ 0.01) ( Figure 6I ). Furthermore, confocal microscope vertical sections revealed a polarized distribution of ␤-catenin and GP135 in induced ouabain-treated cells ( Figure 6 , J and L). In contrast, in uninduced cells these markers were distributed in a nonpolarized manner ( Figure  6 , K and M). These results demonstrate that functional tight junctions are formed even in the presence of ouabain in RhoA-overexpressing cells. Desmocollin revealed a distinct plasma membrane localization in induced, ouabain-treated cells ( Figure 6G ), whereas uninduced cells showed an intracellular staining pattern ( Figure 6H ). TEM revealed tight junctions and desmosomes in 88% of the cell-cell contacts in induced, ouabain-treated cells, whereas uninduced cells showed putative tight junctions in only 12% and desmosome-like structures in 18% of the cell-cell contacts (Figure 6, N and O) . These results are consistent with the idea that Na,K-ATPase mediates its action through RhoA and that RhoA function is essential for the formation of tight junctions and desmosomes and to maintain the polarized phenotype of MDCK cells.
Levels and Localization of E-Cadherin and Its Associated ␣-,␤-, and ␥-Catenins Are not Affected in Na,K-ATPase-inhibited Cells
The cell adhesion molecule E-cadherin has been implicated in formation and maintenance of tight junctions and desmosomes (Gumbiner et al., 1988; Watabe et al., 1994 ). Therefore, we tested whether ouabain treatment of MDCK cells affects expression or localization of E-cadherin in these cells. In control cells, at 0 h E-cadherin showed a predominant intracellular staining. At this time point the plasma membrane localization of E-cadherin was barely detectable ( Figure 7A) . After 3 h of Ca 2ϩ -switch the intracellular staining of Ecadherin decreased dramatically, whereas the plasma membrane staining increased ( Figure 7B ). In ouabain-treated cells at 0 h E-cadherin was localized intracellularly similar to that of control cells ( Figure 7C) . At 3 h after Ca 2ϩ -switch, like in control cells, the intracellular E-cadherin staining decreased and the plasma membrane staining increased at cell-cell contact sites ( Figure 7D ). Immunoblot analysis of total cell lysates of control and ouabain-treated cells showed no differences in the levels of E-cadherin, ␣-, ␤-, and ␥-catenin ( Figure 7E ). Coimmunoprecipitation showed no detectable differences in the levels of ␣-, ␤-, and ␥-catenin associated with E-cadherin in control and ouabain-treated cells (our unpublished results). In addition, ouabain-treated cells revealed adherens junctions (Figure 1K ), the formation of which requires functional E-cadherin (Gumbiner et al., 1988; Watabe et al., 1994; Yap et al., 1997) . These results indicate that E-cadherin is functional in ouabain-treated cells and that inhibition of Na,K-ATPase function does not affect expression or localization to the plasma membrane of E-cadherin and catenins in MDCK cells.
DISCUSSION
Distinct Signaling Mechanisms May Regulate Formation of Tight Junctions and Desmosomes
We used two independent methods, ouabain treatment or K ϩ depletion, to show that inhibition of Na,K-ATPase prevents the formation of functional tight junctions and desmosomes and the induction of polarity in MDCK cells. Rapid restoration of tight junctions, desmosomes, and epithelial polarity upon K ϩ repletion demonstrated that the effects of Na,K-ATPase inhibition were reversible and that Na,KATPase function is involved in the formation of these junctions in MDCK cells. In a previous report we suggested that the tight junction formation may involve two independent events i.e., E-cadherin-dependent initial translocation of tight junction proteins to the plasma membrane and an E-cadherin-independent assembly of functional tight junctions (Rajasekaran et al., 2001 ). Na,K-ATPase function appears to be involved in the latter event because tight junction proteins were clearly seen on the plasma membrane in Na,K-ATPase inhibited cells yet these cells did not develop TER and had a highly reduced number of tight junctions compared with control cells. E-cadherin-dependent signaling events have been suggested to mediate the translocation of tight junction proteins from the cytoplasm to the plasma membrane (Balda et al., 1996; Rajasekaran et al., 1996) . Because ouabain-treated MDCK cells express functional Ecadherin, the localization of tight junction proteins at the plasma membrane suggests that E-cadherin-mediated signaling was not affected in these cells. Therefore, functional E-cadherin might be essential for initial events that trigger the translocation of ZO-1 to the plasma membrane, whereas Na,K-ATPase function is crucial for events that regulate the formation of an undisrupted ZO-1 ring, functional tight junctions, and consequently, the polarized epithelial phenotype.
It has been suggested that tight junctions and desmosomes are formed in a coordinate manner after E-cadherinmediated cell-cell contact in epithelial cells (Gumbiner et al., 1988) . We found a distinct difference in the staining pattern of tight junction and desmosomal proteins in Na,K-ATPase inhibited cells. In contrast to tight junction proteins the localization of desmosomal proteins to the plasma membrane was substantially reduced and desmosomes were poorly assembled in the presence of ouabain and during K ϩ repletion. These results suggest that signaling events that mediate the translocation of desmosomal proteins to the plasma membrane and the formation of desmosomes require the function of Na,K-ATPase and might be regulated in part by E-cadherin-independent mechanisms. Despite functional E-cadherin expression in ouabaintreated cells, the absence of functional tight junctions and desmosomes indicates that E-cadherin function is not sufficient for formation of these junctions in MDCK cells. Potempa and Ridley (1998) have shown that hepatocyte growth factor treatment of MDCK cells did not affect tight junctions and desmosomes but specifically affected adherens junctions the formation of which requires functional E-cadherin. Furthermore, we have shown that tight junction and desmosome formation is not stimulated by ectopic expression of E-cadherin alone in MSV-MDCK cells, but requires coexpression of the ␤-subunit of Na,K-ATPase (Rajasekaran et al., 2001) . In view of these recent results, we suggest that E-cadherin-mediated cell-cell contacts have a role in the signaling events that mediate translocation of tight junction proteins to the plasma membrane, an essential early event required for the assembly of tight junctions in epithelial cells. Thus, E-cadherin function is necessary but may not be sufficient for formation of functional tight junctions and the induction of polarity in MDCK cells. Formation of functional tight junctions and desmosomes additionally requires Ecadherin-independent mechanisms that depend on normal functioning of Na,K-ATPase. Once these junctions are formed and polarity is established, epithelial cells should maintain these junctions to perpetuate their polarized phenotype. Expression of a dominant negative mutant of Ecadherin in polarized MDCK cells did not affect tight junctions or desmosomes, indicating that E-cadherin function may not be necessary to maintain tight junctions and desmosomes in polarized epithelial cells (Troxell et al., 2000) . Contreras et al. (1999) suggested that prolonged treatment of MDCK monolayers with ouabain resulted in the loss of viability of ϳ60% of cells and reduced cell-cell and cellsubstratum contact and suggested the existence of a link between the pump and attachment. Recent studies in cardiac myocytes have implicated Na,K-ATPase as a signal transducer through protein-protein interactions (Liu et al., 2000) . We conclude that signaling mechanisms mediated by both E-cadherin and Na,K-ATPase are likely involved in the formation of functional tight junctions and desmosomes in epithelial cells.
Regulation of RhoA GTPase Activity by Na,KATPase and Its Role in Tight Junction and Desmosome Formation
The large reduction of stress fibers in Na,K-ATPase-inhibited cells prompted us to test whether RhoA GTPase, which has been implicated in the formation of stress fibers (Ridley and Hall, 1992; Mackay and Hall, 1998) , is affected by Na,KATPase inhibition. Ouabain treatment and K ϩ depletion consistently reduced levels of endogenous active RhoA in wild-type MDCK cells and of exogenously expressed RhoA in the MDCK T23 clone, indicating that inhibition of Na,KATPase specifically inhibits RhoA activity. Reactivation of the Na,K-ATPase by K ϩ repletion resulted in an increase in the levels of endogenous active RhoA GTPase and concomitant formation of bundled stress fibers, suggesting that Na,K-ATPase function reversibly regulates the activity of RhoA GTPase and formation of stress fibers. The levels of active Rac 1 remained the same in control and ouabaintreated cells (our unpublished results), indicating that Na,KATPase might mediate its action specifically through RhoA GTPase. Reduced RhoA activity correlated with highly reduced number of tight junctions, desmosomes, and lack of polarity in Na,K-ATPase-inhibited cells. Moreover, cells overexpressing wild-type RhoA GTPase can bypass the inhibitory effect of Na,K-ATPase on the formation of tight junctions, desmosomes, and induction of epithelial polarity, indicating that RhoA GTPase is an essential component downstream of Na,K-ATPase function linking Na,K-ATPase to the formation of functional tight junctions, desmosomes, and induction of polarity in MDCK cells. Whether the modulation of RhoA activity by Na,K-ATPase is through a direct or indirect effect on RhoA GTPase activity remains to be clarified.
Previous studies with the use of inhibitors and mutant forms of RhoA GTPase have implicated RhoA GTPase in the assembly and function of tight junctions. Nusrat et al. (1995) have shown that inhibition of Rho in T84 cells causes dispersion of ZO-1 to the cytoplasm and concomitant decrease in the TER. In MDCK cells expressing a dominant negative mutant of RhoA, ZO-1 was localized to the plasma membrane and the tight junction structure was preserved yet TER was low in these cells, indicating that altering RhoA activity affects the function of tight junctions . Na,K-ATPase inhibited cells did not develop TER, showed discontinuous ZO-1 staining on the plasma membrane, and revealed highly reduced numbers of tight junctions, indicating that Na,K-ATPase-mediated RhoA GTPase inhibition affects both the assembly and function of tight junctions in MDCK cells. However, inhibition of the Na,K-ATPase reduced TER even in cells overexpressing RhoA (Figure 6 ), suggesting that other factors are also important in the alteration in tight junctional permeability when intracellular Na ϩ is increased. Although the TER was consistently affected in all these reports (Nusrat et al., 1995; this study) , the difference between our results and others regarding the localization of ZO-1 to the plasma membrane and tight junction assembly is not clear. We suggest that actin polymerization mediated by RhoA GTPase might be necessary for the molecular reorganization and association of tight junction proteins to the actin cytoskeleton to assemble tight junctions and to regulate their permeability function.
Plasma membrane localization of desmosomal proteins and the formation of desmosomes in ouabain-treated cells overexpressing wild-type RhoA demonstrated that Na,KATPase-regulated RhoA function is essential for both the translocation of desmosomal proteins to the plasma membrane and the formation of desmosomes in MDCK cells. These events may require active actin polymerization mediated by active RhoA GTPase. In fact, a recent study demonstrated a role for stress fibers in the assembly of desmosomes in keratinocytes (Vasioukhin et al., 2000) .
The polarity of apical and basolateral markers was consistently altered in Na,K-ATPase-inhibited cells. Furthermore, polarized distribution of domain-specific markers in ouabain-treated wild-type RhoA overexpressing MDCK cells indicates that Na,K-ATPase-regulated RhoA GTPase function is essential to maintain the polarity in MDCK cells. Although the loss of polarity in Na,K-ATPase-inhibited cells largely appears to be due to the lack of tight junctions, we cannot rule out that Na,K-ATPase inhibition might also affect mechanisms involved in the polarized sorting of proteins in epithelial cells (Yeaman et al., 1999) .
How Na,K-ATPase inhibition affects the formation of tight junctions, desmosomes, induction of polarity, and negatively regulates RhoA GTPase function is currently not known. The effect does not appear to be a simple degeneration of cellular function because it is readily reversible. Moreover, translocation of tight junction proteins to the plasma membrane under Na,K-ATPase-inhibited conditions suggests that other aspects of epithelial polarization are not impaired in these cells. The phenomena are better correlated with the absolute concentration of Na ϩ in the cell than with the Na ϩ gradient across the plasma membrane. Removal of extracellular Na ϩ will also collapse the gradient but did not prevent formation of tight junctions or induction of polarity. Thus, aspects of cell function such as cytoplasmic pH or Ca ϩ2 concentration, which depend on the transmembrane Na ϩ gradient, are probably not involved. The simplest interpretation of the results is that the normal intracellular Na ϩ homeostasis primarily regulated by Na,K-ATPase is involved in the modulation of RhoA activity. It is also possible that the effects might be mediated by a decrease in cell K ϩ or depolarization of the plasma membrane potential rather than by Na ϩ itself. Finally, although there were no obvious differences in cell size between control and Na,KATPase-inhibited cells, we cannot rule out small cell volume changes that might have led to the observed phenotype. We recognize that alteration of the intracellular sodium homeostasis by the inhibition of Na,K-ATPase may induce multiple biochemical changes in cells. However, rapid reversibility of effects induced by Na,K-ATPase inhibition such as formation of tight junctions, desmosomes, bundled actin stress fibers, restoration of RhoA activity, and induction of polarity by K ϩ repletion strongly suggests that Na,KATPase function plays an important role in the assembly of junctions and induction of polarity in epithelial cells through a RhoA-mediated pathway.
Model for Formation of Tight Junctions and Desmosomes in Polarized Epithelial Cells
Based on our results, we propose a model for formation of tight junctions and desmosomes in epithelial cells. According to this model tight junctions and desmosomes are formed in parallel by two independent pathways (Figure 8 ) yet linked by RhoA GTPase. E-Cadherin-mediated signaling events translocate tight junction proteins from the cytoplasm to the plasma membrane. Formation of functional tight junctions then requires active polymerization of actin mediated by RhoA. The desmosomal assembly is mediated by signaling events regulated by Na,K-ATPase. These signaling events might be directly involved in the translocation of desmosomal proteins to the plasma membrane. Alternatively, RhoA-mediated actin polymerization could be involved in the translocation of desmosomal proteins to the plasma membrane and the final assembly of desmosomes. Thus, we propose that Na,K-ATPase function, mediated at least in part by RhoA, plays an important role in formation of tight junctions and desmosomes and thus in the biogenesis of polarized epithelia.
